Antisense oligonucleotides (AON) delivered via inhalation are in drug development for respiratory diseases. In rodents and monkeys, repeated exposure to high doses of inhaled phosphorothioate (PS) AON can lead to microscopic changes in the lungs, including accumulation of alveolar macrophages in the lower airway that have a foamy appearance. The functional consequences that result from this morphological change are unclear as there is controversy whether the vacuoles/inclusion bodies reflect normal clearance of the inhaled AON or are early indicators of lung toxicity. The morphological and functional responses of macrophage to PS AON were characterized in vitro using the comparator drug amiodarone, as a known inducer of foamy macrophages.
Introduction
Oligonucleotides (ONs) are currently being advanced as potential new drug therapies for a wide array of indications, including respiratory diseases. Local administration to the lung can be approached non-invasively by oral inhalation, using aerosolized ONs. Pulmonary bioavailability with concurrent low systemic levels has been reported using areosolized antisense oligonucleotides (AONs), [1] [2] presenting the opportunity of treating local respiratory diseases with direct pulmonary doses and minimizing the exposure of non-target tissues. In addition, the large absorption surface area of the lung 1 and its lining with cationic lipid-containing surfactant has been proposed to facilitate AON uptake within the lungs. 3 The efficacy of AONs delivered directly to the lungs to reduce inflammatory diseases has been demonstrated for a number of targets in rodents [3] [4] and monkeys. 5 Furthermore, the utility of this modality has also been established in clinical studies. 6 The toxicity of ONs has been well characterized and appears mainly related to the chemical class of the ON, 7 rather than being related to the mechanism of action (e.g., antisense activity). For some types of ONs particularly those containing the phosphorothioate (PS) backbone modification, local inflammation at the site of injection is commonly observed (e.g., with subcutaneous, intravenous, intraperitoneal, and intraocular routes). 8 This response typically does not present an issue for clinical safety, particularly when the injection site can be changed with each injection (e.g., with intravenous or subcutaneous injection). However for some routes, such as intraocular and pulmonary, a local inflammatory response may be more nocuous. To date, there are only a few reports describing the toxicity of PS ONs administered by inhalation. It has been reported that repeated pulmonary administration of a PS AON on a subacute basis (e.g., 2 weeks) can lead to microscopic changes in the respiratory tract of rodents and monkeys. 2, 9 The most common alterations observed can be categorized into two types of responses: i) a mononuclear cell infiltrate located within the pulmonary interstitium and other parenchymal regions; and ii) an accumulation of macrophages in the alveolar region [i.e., an increase in the number of alveolar macrophages (AMs)]. The former response (mononuclear cell infiltration) may be akin to the inflammation at sites of injection that is observed when ONs are given by other routes (as discussed above), 8 whereas the influx of AMs has been speculated to be non-inflammatory in nature and possibly more of a non-specific response to an inhaled foreign material, as such accumulation of AMs is often observed with inhalation of other substances. [10] [11] In some cases, the AMs appear to be vacuolated (sometimes described as foamy), suggesting that they may contain inhaled ON, which is consistent with the view that this response may be part of a natural clearance mechanism mediated by the resident macrophages in the lungs. However, the nature of this AM response to inhaled PS ONs has not been elucidated.
The accumulation of foamy AMs has also been reported to occur following oral administration of some drugs, such as the antiarryhthmic drug amiodarone. [12] [13] [14] [15] Approximately 5% of amiodarone-treated patients have adverse lung effects. 16 Although the bronchoalveolar lavage (BAL) of patients exposed to amiodarone exhibit a characteristic finding of morphologic abnormalities in BAL macrophage, specifically vacuolation rendering them foamy 16 neither the number nor appearance of foamy macrophages is considered to be a predictor of amiodarone-tox- icity, as they can be observed even in non-toxic patients treated with amiodarone. 15, [17] [18] Despite the fact that the exact mechanism of amiodarone-toxicity has not yet been elucidated, the association of foamy AM accumulation with amiodarone and other agents that have caused clinically significant pulmonary toxicity raises questions about the safety implications of the AM response observed following inhalation of PS AONs. The purpose of this study was to investigate impact of exposure of AMs to AONs with regard to AM morphology and function, with the further aim of understanding the toxicologic significance of the foamy AM response to inhaled AONs. We developed an in vitro model of foamy macrophages using RAW 264.7 macrophage cells. RAW 264.7 cells have been used previously as in vitro models of AM for responses to asbestos, 19 airborne particulate matter, 20 air pollution 21 and LPS-induced lung injury. 22 In our model, the morphological and functional changes following exposure to AONs were characterized and compared to the effects of amiodarone.
Materials and Methods

Cell line and reagents
The RAW 264.7 murine macrophage cell line and High Glucose Dulbeco's Modified Eagle's Medium (DMEM) were obtained from ATCC (Manassas, VA, USA). Amiodarone, Nile Red and cytochalasin D were obtained from SigmaAldrich (St. Louis, Missouri, USA), while phosphate-buffered saline (PBS), trypsin-EDTA and fetal bovine serum (FBS) were obtained from Hyclone (Logan, Utah, USA), 1-μm yellowgreen carboxylate-modified fluorescent FluoSpheres ® were procured from Invitrogen (Carlsbad, California, USA), and Bovine Serum Albumin fraction V (BSA) was purchased from EMD Biosciences (Gibbstown, New Jersey, USA). The two AONs (a 1:1 mixture) used in this study were antisense sequences targeting rat genes; one the common beta chain of the IL-3, IL-5 and GM-CSF receptor and the other CCR3, which are the same targets (but not sequences) as the human asthma drug, PXS TPI ASM8. Both were 18 nucleotides in length (18-mer) and were manufactured by Girindus (Cincinnati, OH, USA). The sequences are TGGCACTTTAGGTG-GCTG (TOP006) and ACTCATATTCATAGGGTG (TOP007). These AONs contained a full-length PS backbone, as is commonly used for AON drug candidates, to confer resistance to endogenous nucleases.
Cell maintenance and drug-treatment RAW 264.7 cells were maintained in DMEM, supplemented with 10% FBS at 37°C in a 5% CO 2 
Morphology and electron microscopy
For light microscopy, drug-treated cells were collected, counted using the GUAVA-Viacount reagent (Millipore, Billerica, MA, USA), and 5 ¥10 4 cells were transferred onto slides and stained with Hema-3 Quick Stain. Slides were examined by Dr. Groom of CanBioPharma Consulting Inc, a pathologist with experience viewing lungs of mice treated with ONs. For tandem electron microscopy analysis, cells were prepared as described previously. 23 Briefly, adherent drug-treated cells were fixed in 2.5% glutaraldehyde / 0.1 M sodium cacodylate buffer, dehydrated and embedded in lowviscosity, thermally-curing Epon resin. Ultrathin sections (70-80 nm) were cut from the resin blocks by using a Reichert-Jung Ultracut E ultramicrotome with a Diatome (Biel, Switzerland) diamond knife. The sections were transferred to 300-mesh formvar Cu TEM grids for image analysis in a JEOL JEM-2011 TEM equipped with a Gatan (Pleasanton, CA, USA) 300W charge-coupled device camera.
Nile red staining (for lipid content)
Following treatment, cells were collected, counted, washed with PBS and then resuspended at 6¥10 5 cells/mL in a 1.5 µg/mL Nile Red solution. The fluorescence of the stained cells was evaluated after a 20 min incubation period using the GUAVA EasyCyte microcapillary flow cytometry system. Data analysis was performed using the FCS Express software.
Assessment of cell viability and apoptosis
Following treatment, cells were collected and stained with GUAVA-Viacount reagent, allowing viable and apoptotic cell numbers to be quantified with the GUAVA EasyCyte microcapillary flow cytometry system.
Cytokine profiling
Levels of IP-10, IL-1RA, IL-6, TGF-β1, IL-1β, MIP-1α and TNF-α were assessed in cell supernatants by SearchLight Multiplex Immunoassay (Aushon BioSystems, Billerica, MA, USA).
Phagocytosis assay
To facilitate microsphere uptake, carboxylated polystyrene 1µm yellow-green microspheres were coated with BSA (10 mg/mL, 37°C, 60 min), washed in PBS, resuspended at a concentration of 1.5¥10
8 microspheres/mL in PBS, and sonicated prior to use. These BSA-coated microspheres (~1.5¥10 5 /well) were added to the cells, and plates were centrifuged at 250 g for 10 min. Cells were harvested at different time-points following incubation at 37°C, washed and resuspended in 4% paraformaldehyde in PBS before being analyzed by flow cytometry. As a control for non-phagocytic uptake, cells were pre-treated with the phagocytosis inhibitor cytochalasin D (5 µg/mL, 37°C, 60 min).
Statistical tests
Direct comparison of Nile red uptake by amiodarone treated cells with AON-treated cells at each concentration was performed using a t-test. For comparison of the effect of either amiodarone or AON on cell viability, cytokine production and phagocytosis, an ANOVA was performed with a Dunnett's using the respective vehicle-treatment control group.
Results
Morphological changes and phospholipid accumulation following drug treatment
To characterize the potential effects of AON exposure on macrophages, an in vitro model of foamy AM was established. Murine macrophages (RAW 264.7) cells were exposed to amiodarone, a known inducer of foamy AM as a comparator drug, for 48 h, and both morphological and functional responses of the macrophages were then assessed. Following 48 h exposure to amiodarone at concentrations ≤5 μM, no morphological changes were evident ( Figure 1C and Table 1 ), whereas at concentrations >5 µM, cytoplasmic vacuolation Table 1 ). The vacuolation was characterized by the presence of either one large irregular vacuole in the cytoplasm of cells or multiple small round vacuoles that distended the cytoplasm of the cells. At amiodarone concentrations above 5 μM, the average histologic severity grade increased progressing from minimal to moderate as the concentration of amiodarone increased (Table  1) . In comparison, 48 h incubation of cells with 5 μM AON resulted in minimal vacuolation (Table 1) , and the severity grade for the vacuolization increased only to a level of mild even at the highest AON concentration (30 μM, Figure 1 and Table 1 ).
Cytospins of the BAL fluid collected from mice whose lungs were exposed to the same AON used above in the in vitro studies but for 10 repeated treatments showed similar vacuolation of AMs (Table 1) . Specifically, doses of 0.75 or 2.5 mg/kg/day resulted in findings of minimal and mild AM vacuolation, respectively ( Table 1 ). The cytological appearances of macrophages in the BAL were similar to the histologic appearance of macrophages accumulating in the alveolar lumens observed histologically in lungs from mice exposed to AON (data not shown). Additional findings of cytoplasmic basophilia (not shown) and higher severity of cytomegaly were observed in BAL of mice as compared to RAW 264.7 cells, demonstrating a limitation of the in vitro model. However, with regard to macrophage vacuolation, the vacuolation observed with in vitro exposure of mouse macrophages is considered to be phenotypically similar to the AM vacuolation that occurs with in vivo inhalation administration of PS AONs.
To further characterize the morphological changes, electron microscopy was performed to determine whether the vacuoles exhibited a lamellated substructure that would be suggestive of phospholipid content (i.e., lamellar whorls). Electron microscopic examination revealed that, following treatment with amiodarone (7 μM, Figure 2B and 2E), the cells had Cytoplasmic vacuolation  minimal  --100  ---25  33  75  75 75  75  -100  14  mild  ---100  ---33  25  25 25  25  --42  moderate  ---- 
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n, number of slides assessed; AON, Antisense oligonucleotides. vacuoles containing material with lamellar structures characteristic of phospholipids, and these lamellar vacuoles were absent in control cells (Figure 2A and 2D) . In electron micrographs of AON-treated cells (7 μM, Figure 2C and 2F), the vacuoles also exhibited a lamellar substructure similar to the appearance of amiodarone-treated cells ( Figure 2B /2E). Nile Red staining was employed to confirm the presence of intracellular phospholipids. 24 In amiodarone-treated cells, a dose-dependent accumulation of phospholipids was observed, starting at 2.5 μM and increasing through 17.5 μM, at which concentration, there was a mean increase of 103±7% in Nile Red staining, compared to levels in vehicle-treated cells ( Figure  3 ). Treatment with AON also produced an increase in Nile Red staining at ≤2.5 μM, and the percent change observed at 2.5 μM (29± 7%) was similar to that observed with an equimolar concentration of amiodarone (38±6%) (Figure 3 ). However, from this initial increase in Nile Red staining for the AON, the level then remained unchanged with increasing AON concentrations (Figure 3) , such that at the highest concentration tested for both agents (17.5 μM), there was more than a 3-fold difference in Nile Red staining between amiodarone-and AON-treated cells (Figure 3 ).
Cell viability and apoptosis following drug treatment
Along with changes in cellular morphology and lipid accumulation, changes in cell survival were assessed. In amiodarone-treated cells (48 h incubation), a significant reduction in cell number was observed, starting at an amiodarone concentration of 10 μM ( Figure  4A ), and this decrease in cell numbers continued until only 26% (P<0.001) of total cells remained following exposure to 20 μM of amiodarone ( Figure 4A ). Of those remaining cells, fewer than 25% (21±8%; P<0.01) were viable ( Figure 4B ). Furthermore, amiodarone treatment resulted in an increased percentage of apoptotic cells of up to 47±1% at the highest concentration (P<0.01) ( Figure 4B ). In contrast, 48 h incubation of cells with AON at concentrations up to 25 μM did not reduce total cell counts, did not decrease cell viability (Figure 4B ), or increase the number of apoptotic cells.
Cytokine production in amiodarone-and AON-treated cells 
and approximately 2.8-fold the level of TNF-α (614±79 pg/mL) produced by incubation with a 30 μM concentration of AON (twice the concentration of amiodarone that was tested). Mean MIP-1α levels also significantly increased with increasing amiodarone concentrations, with maximum mean values reaching 232±19 ng/mL in response to 15 μM amiodarone, which was greater than 6 times the respective vehicle mean level ( Figure 5B ). Increasing the concentration of amiodarone to 20 μM resulted in a sharp decrease in MIP-1α levels ( Figure 5B ), which may be secondary to the above described cytotoxicity of amiodarone. As observed for TNF-α, in response to a concentration of AON (30 μM) twice that of amiodarone, mean MIP-1α levels peaked at only 2-fold above the respective mean for vehicle-treated cells (78±17 ng/mL; P<0.01 compared to vehicle). For IL-1RA, a maximum mean level of 29.1±3.6 ng/mL was reached at the highest concentration of amiodarone (20 μM, Figure 5C ), while in response to AON, the IL-1RA levels remained near baseline values (1.6±0.8 ng/mL) throughout the concentration range tested. In contrast to the aforementioned cytokines, IP-10 levels decreased with increasing amiodarone concentration, such that in response to 20 µM amiodarone, mean IP-10 levels were only 15% of those treated with vehicle ( Figure 5D ). AON exposure resulted in an initial spike in IP-10 levels (4553±218 pg/mL at 2.5 µM ON; P<0.01), after which the overall levels of IP-10 gradually decreased, reaching 1426±115 pg/mL at 30 µM ( Figure 5D ). IL-10 levels decreased from a baseline of 26±3 pg/mL in vehicle control cells to 1.0±0.7 pg/mL in response to the highest concentration of amiodarone (20 µM, Figure  5E ), whereas an equimolar concentration of AON resulted in a decrease of IL-10 to 9.9±1.2 pg/mL, and the levels remained steady even at 30 μM of AON. Finally, IL-6, TGF-β1 and IL-1β levels were similar to vehicle treated levels for all amiodarone and AON concentrations tested (data not shown).
Effect of amiodarone and AON treatment on the RAW 264.7 phagocytic activity
An additional functional response, the phagocytosis capacity of macrophages, was also investigated. Phagocytosis was assessed by incubating treated cells with BSA-coated fluorescent microspheres (1 μm in diameter) and measuring cell uptake over time. To avoid interference by the increased number of apoptotic cells in response to high concentrations of amiodarone, only live cells were included in this analysis. Microsphere uptake, as revealed by the increase in the mean fluorescence intensity (MFI), started in vehicle control cells (DMSO-treated) after 60 min of incubation and remained at this level for the next 2 h (180 min total) ( Figure 6A ). This uptake (change in MFI) could be significantly decreased by pre-treating cells with the phagocytosis inhibitor cytochalasin D (75% inhibition versus vehicle-treated cells, P<0.01) (Figure 6 ), even when cells were incubated with the microspheres for up to 180 min. Treatment with a low concentration of amiodarone (1 μM), did not alter microsphere uptake, as compared to vehicle-treated cells. At a 10-fold higher amiodarone concentration (10 µM), no effect on phagocytosis at 60 min was observed but a modest yet significant increase in phagocytosis was evident at 180 min (27% increase versus vehicle-treated cells, P<0.05, Figure. 6A ). However, further increasing the concentration of amiodarone to 15 µM resulted in a significant decrease in the ability of the cells to phagocytose the microspheres, with 84% (P<0.01) and 65% (P<0.01) reduction in the uptake at 60 and 120 min. This level of inhibition was similar to that measured in cells pre-treated with cytochalasin D (Figure 6A ). However, when the incubation time with the microspheres was extended to 180 min, the phagocytosis activity returned to the levels of the control cells. Phagocytosis could not be assayed in cells treated with higher concentrations of amiodarone, as cell death was too excessive (data not shown). Following AON treatment at concentrations ranging from 1 to 25 µM, no change in phagocytosis was observed, based on the absence of any apparent change in fluorescence levels relative to the vehicle-treated cells. The results indicate that AON treatment, in contrast to amiodarone, did not alter the phagocytic activity of RAW 264.7 macrophages ( Figure 6B ).
Discussion
Since the concept was proposed by Zamecnik and Stephenson 25 to use antisense AONs to modulate expression of a target gene by binding to its mRNA and preventing translation, there have been concerted efforts to develop AONs as drug therapeutics for a wide array of indications, including respiratory diseases. One of the key challenges to the development of any drug is to achieve effective tissue concentrations without eliciting adverse effects. In animals, following systemic delivery of PS AONs, blood-level related manifestations of toxicity have been observed (i.e., activation of the alternative complement pathway and inhibition of the intrinsic coagulation cascade), [26] [27] as well as changes in the major organs of AON accumulation such as kidneys, liver and spleen. [28] [29] Observations in the organs include mononuclear cell infiltrates and endosomal accumulation of the AON in the form of basophilic granules within resident macrophages of the spleen, lymph nodes and liver (Kupffer cells) and within the proximal tubule cells of the kidney. 30 The lung represents a unique target tissue organ for AON-based therapy, as it is readily accessible by direct and non-invasive delivery to the site of action (via oral inhalation). Topical delivery should minimize systemic exposure 1 and therefore significantly reduce the risk for adverse effects on internal organs, as well as the known blood-level-related toxicities described above. However, similar to what has been observed in other tissue sites of AON uptake, inhalation of AON can lead to local cellular infiltration, typically observed in the interstitium and elsewhere in the lung parenchyma. This is mainly a perivascular infiltrate and is not observed in the alveolar space. However, a distinctly different type of change in the lungs is commonly observed following repeated inhalation administration of PS AONs, which is accumulation of macrophages in the alveoli (i.e., AM) that often contain intra-cytoplasmic basophilic granular material, possibly reflecting uptake of the AON (i.e., akin to basophilic granulation observed in other tissues of AON deposition). 2, 9 Because of this granular appearance, the AMs have been described as foamy, although the more common use of this term has been in association with lipid accumulation within AMs caused by other agents or the accumulation of noxious particulate matter.
In addition to their critical role in particulate clearance and host defenses, the AM is an important cell of the alveolar space, as it is able to release immunologic or toxic mediators. In the lung, dramatic migration of macrophages into the alveolar space has been a concern, as histological evidence from both human 12 and animal 13 models of pulmonary fibrosis suggests a relationship between the fibrotic changes and the abundance of macrophages appearing vacuolated or foamy, although the precise mechanism by which these cells contribute to fibrotic alterations is not fully understood. In general, pulmonary fibrosis is believed to result from the dysregulation of wound repair, which arises from inflammatory cell influx and release of pro-fibrotic mediators. [31] [32] Such mediators include various chemokines, cytokines and growth factors, which, if sufficiently induced, can alter the balance of cell proliferation and turn the healing response into a fibrotic response. 31, 33 Therefore, for any agent administered by inhalation that induces an influx of AMs into the alveolar space, questions may arise as to whether this influx may have pro-inflammatory consequences or by some other means poses a risk of lung injury that could lead to fibrotic changes. Hence, this is one concern about the AM response to inhaled AONs. In addition, the vacuolated or granular appearance of the cells raises questions about the content of the cellular inclusions and whether the infiltrating AMs may be activated, or conversely, may have sustained a pertubation of their normal function.
An example of an agent that induces the accumulation of foamy AMs is the antiarrhythmic drug, amiodarone. Oral administration of this drug is associated with serious pulmonary toxicity (reviwed in Papiris et al. 16 ) which can lead to its discontinuation in patient treatment. Lung biopsies from patients with amiodarone-induced pulmonary toxicity revealed several types of changes including an abundance of foamy or vacuolated AMs. These vacuoles include both small optically empty vacuoles and large phagolysosomes containing phospholipid material organized into lamellar structures as viewed by electron microscopy. 16 While some studies have described the response to amiodarone with the pulmonary histology characterized by profuse infiltration of foamy AMs (containing numerous vacuoles) and fibrotic changes that impair pulmonary function [12] [13] it is unclear whether the accumulation of foamy macrophages is a direct cause of the pulmonary fibrosis. As demonstrated in one placebo-controlled study with amiodarone in patients with congestive heart failure, severe pulmonary fibrosis was encountered in 1.2% of patients receiving amiodarone as compared to 0.9% in the control group. 34 Nevertheless, owing to the legacy of the experience with amiodarone and other similar pulmonary toxicants that elicit AM infiltration as part of their impact on the lungs, inferences have been drawn about the possible risk for lung damage associated with AON-induced AM accumulation.
To investigate the morphologic changes and functional consequence of the AM response to AON, we developed an in vitro model of foamy macrophages using murine macrophages (RAW 264.7 cells) and amiodarone as a positive control drug. Our results showed that RAW 264.7 cells acquired a vacuolated or foamy appearance in response to amiodarone, which increased in severity grade with increasing concentration of amiodarone. Cells exposed to a PS AON had a similar vacuolated appearance, which was noted at a lower molar concentration of AON (5 μM) than the minimal vacuoleinducing concentration of amiodarone. However, the severity grade of vacuolation in response to increasing concentrations of the AON did not reach the level of that observed with amiodarone. Cytomegaly, another finding, was also observed in cells exposed to amiodarone (20 μM) or the PS AON (30 μM).
To directly compare observations from cell lines to in vivo findings is challenging, especially when accounting for differences in the preparations (cytospins of in vitro cell cultures vs histopathology slides). To this end, we opted to perform cytospins of BAL fluid harvested from mice that had received repeated intratracheal doses of AON (for 10 consecutive days). This repeated dosing mimicked the multiple delivery of AON that would occur in patients, and the cytospin preparations were similar to the preparations used for the cell lines. The cytospin preparations of BAL from AON-treated but not vehicle control animals confirmed the presence of vacuolated macrophages and cytomegaly, thereby validating the potential of the in vitro model to produce morphologic changes analogous to in vivo administration. Noteworthy is the absence of cytoplasmic basophilia in the in vitro model. As the BAL findings were observed after 10 repeated doses, it is unclear whether the absence in vitro reflects either a time or dose limitation of this model or whether certain in vivo aspects can not be replicated in vitro.
Further characterization of the vacuolated macrophages using electron microscopy demonstrated the presence of characteristic lamellated cytoplasmic inclusions in cells equimolar concentration of 2.5 μM. However, at concentrations >5 μM, the phospholipid accumulation in response to amiodarone continued to increase, while the levels in AON treated cells remained constant, suggesting a clear difference in the responses of the cells, although their morphologies appeared similar. Amiodarone-induced phospholipidosis has been linked to the inhibition of lysosomal phospholipase A2 activity in Madin-Darby canine kidney cells. 35 Future biochemical studies may determine whether AON also interfere with lysosomal phospholipase A2 activity albeit at a lower degree than amiodarone. Our findings of phospholipid accumulation and the presence of lamellar bodies in amiodaronetreated macrophages are consistent with those changes reported in rat and human hepatocytes ex vivo, 36 demonstrating the utility of the in vitro model.
In our model, amiodarone treatment significantly affected the viability and induced apoptosis of the cells, results in line with previous reports 37 while treatment with the AON did not affect cell viability nor induce apoptosis at the highest concentration tested (30 μM), although these cells did have the vacuolated or foamy appearance.
Functional consequences of drug treatment were assessed in terms of the secretion of cytokines, as typically, inflammation preceeds the development of fibrosis. 33 Amiodaronetreated macrophages secreted high levels of the pro-inflammatory chemokines/cytokines MIP-1α, IL 1RA and TNF-α, but levels of IP-10, a cytokine with protective properties, 38 were decreased In contrast, AON exposure did not alter the levels of IL-1 RA, resulted in slight increases in TNF-α, and only increased MIP-1α levels approximately 2-fold. Exposure of the cells to a low AON concentration resulted in IP-10 production, which then returned to levels similar to baseline as the concentration of AON was increased. These results again highlight that, although both drug treatments produced similar morphological changes in the cells, the cytokine secretion responses of the cells were highly dissimilar. While neither amiodarone nor AON treatment altered the levels of TGF-beta, a cytokine associated with fibrosis, we can not exclude that the absence of the cytokine may reflect the limitation of the in vitro model with its 48 h exposure time.
Others have shown no impairment of pulmonary host defence mechanisms in the rat, 39 nor changes in the phagocytosis of heat-killed yeast cells 39 by AM with a foamy appearance. Results from our model differ from these other studies in that we showed that amiodarone significantly impaired the ability of the macrophages to phagocytose microspheres. When sufficient time was given, phagocytosis returned to control levels, reflecting a transient response and not a prolonged suppression of phagocytosis by amiodarone, which may explain the discrepancy between our findings and those of others. Chemotaxis responses of the treated cells was not measured in our system, but it is possible that amiodarone treatment perturbed the motility of the cells, resulting in a temporary reduction of phagocytosis capability. Although the mechanism is unclear, the observation is again that differing from the response to amiodarone, treatment of macrophages with PS AON had no effect on the ability of macrophages to phagocytose foreign material (BSA-coated microspheres).
These differences in responses to amiodarone and the PS AON could be explained, in part, by the different physiochemical properties of these molecules. Amiodarone is an amphiphilic drug that exhibits characteristic and distinct pulmonary effects. 40 In animals receiving such drugs, foamy cells have been shown to develop as a result of the impairment of the metabolism of phospholipids within the cell. 14, 35 AONs are polyanionic molecules, and their impact on macrophages following uptake may differ from that of amiodarone and related drugs. Along with future work to determine the mechanism of the foamy appearance, work needs to include studies in human monocytes and macrophages or if possible human AM. To date, delivery of inhaled AON to humans has not resulted in increased macrophage numbers recovered from induced sputum, 41 but further biochemical characterization of these macrophages has yet to be undertaken.
In summary, exposure of macrophages to a PS AON in vitro resulted in a vacuolated or "foamy" appearance, which was characterized by the presence of intracellular lamellated structures and an accumulation of phospholipids, changes that were qualitatively similar to those induced by amiodarone. However, in contrast to amiodarone, the AON-treated cells did not exhibit functional changes with respect to viability, apoptosis or with functions that can be regarded as activation including substantially heightened secretion of inflammatory mediators and phagocytic ability. These findings highlight the importance of investigating the influence of drug uptake on macrophage function and not making assumptions about the possible effects based on morphologic similarities to those drugs that have been associated with significant functional impairment and other adverse sequelae. Furthermore, based on the studies reported herein, it appears that the foamy (or vacuolated) appearance of AM following inhalation of AONs, as well as the influx of these cells within the alveolar space, may not be a deleterious process. Rather, it may be warranted to view this response as more of a normal, benign process of clearance of the inhaled material.
